Single bursts from three-point crosses of bacteriophage X were analyzed for recombination of markers several thousand nucleotide pairs apart. Single recombination, mediated by the rec system of Escherichia coli, is usually reciprocal. Double Single burst data show that in lytic crosses the recombination promoted by int is reciprocal (10), just as it is in prophage excision and insertion. Only a questionably significant suggestion of reciprocity has been noted for lytic recombination promoted by red (11). The bacterial recombination system, rec, clearly promotes reciprocal recombination of well separated 4613 markers of prophage X in bacterial partial diploids (2). However, no study of reciprocity in rec-mediated lytic phage crosses has heretofore been'reported.
tion.
In a genetic cross + + X A B, recombination is termed reciprocal if the two recombinant types A + and + B are both produced in the same event. In eukaryotes, analysis of meiotic tetrads and of meiotic and mitotic half-tetrads has shown that intergenic recombination is usually reciprocal but that recombination of very close markers is not. Similarly, in bacterial partial diploids, recombination is generally reciprocal for intervals several thousand nucleotide pairs long but is probably not for much shorter intervals (1) (2) (3) . Observations on the reciprocity of recombination in eukaryotes and prokaryotes have had an important influence on the development of models for molecular mechanisms of recombination (4) (5) (6) (7) .
For bacteriophage recombination in lytic crosses, reciprocity cannot be studied as directly as with systems allowing the regular recovery and analysis of both chromosomes from an individual recombination event. Instead, each infected bacterium contains a population of replicating and recombining phage chromosomes, not all of which can be recovered for genetic analysis. Nevertheless, if recombination is reciprocal, one may hope to detect a statistically significant association of reciprocal types in bursts of individual infected cells.
Single burst experiments with phage X crossed under wild type conditions show little or no reciprocity (8, 9) . However, three different systems can promote recombination in X and may be examined separately. These systems are defined by recombination-deficient mutants of A (int and red) and of its host, Escherichia coli (rec). The int system promotes recombination at a specific site, att, on the phage chromosome. The rec and red systems promote recombination over the entire chromosome. The properties of any one system may be examined in crosses conducted under conditions in which the other two are inactivated by appropriate mutations.
Single burst data show that in lytic crosses the recombination promoted by int is reciprocal (10) , just as it is in prophage excision and insertion. Only a questionably significant suggestion of reciprocity has been noted for lytic recombination promoted by red (11) . The bacterial recombination system, rec, clearly promotes reciprocal recombination of well separated 4613 markers of prophage X in bacterial partial diploids (2) . However, no study of reciprocity in rec-mediated lytic phage crosses has heretofore been'reported.
In order to study reciprocity and other aspects of single and double recombination, we have analyzed the output of individual bacteria from the three-point cross A + + + X X h c mi with either rec or red as the only system contributing to recombination. Table 1 lists bacterial and phage strains. The hosts for rec-and red-mediated crosses were W3102 and 152, respectively. Crosses were conducted as described (12) . For each single burst experiment, the infected culture was diluted to about 100 bacteria per liter in tryptone broth containing 50 Atg/ml of gelatin, and 1-ml aliquots were placed in each of 720 tubes. After 2.5 hr at 370, chloroform was added to promote lysis and a drop from each tube was spotted onto RW262. From each tube that gave a positive spot test, 0.25 ml was plated on RW262 to distinguish tubes with actual bursts from those containing only a few remaining unadsorbed or desorbed phages. The remaining content of each confirmed positive tube was poured on one to three plates with RW262. The c and mi markers were scored by inspection of plaque morphology, and every plaque was picked onto 484 to score for h. The reliability of identification was verified by picking and replating randomly chosen plaques. Several tubes giving positive spot tests were lost before their entire content could be plated, and are not included in the analysis. As a control, the cross was done with int red phages in the rec strain 152. In this case all three recombination systems are inactive and recombination in the h-mi interval was depressed by a factor of at least 50. (24) cI26 (c), clear plaque (12) mi20 (mi), minute plaque (22) amS7, lysis deficient (26) red3, exonuclease deficient (26) int6, integration-excision defective (26) In order to enhance the proportion of the intracellular phage population that is matured, we used the lambda mutation amS7. This blocks spontaneous lysis of the host, allowing DNA replication and phage maturation to continue long past the normal burst time. The accumulated pool of intracellular phages can then be released by lysis with CHC13 (15) . A control against spurious correlation of reciprocals due to heterogeneity among infected cells was provided by comparing the correlation of reciprocals, for example h + + and + c mi, with that of nonreciprocals, such as h + + and + + mi. A correlation of reciprocals could be merely the result of intercellular heterogeneity. However, if the correlation between nonreciprocal types is found to be much less, this is taken to mean that the observed reciprocity is genuine.
MATERIALS AND METHODS
The data for all bursts except those yielding only a parental type are given in Table 2 . Table 3 presents certain parameters calculated from the data. Recombination of h and c is more frequent than recombination of c and mi, in accord with the greater physical length of the former interval. There is a pronounced excess of double recombinants, particularly for recProc. Natl. Acad mediated recombination, as measured by the coefficient of coincidence. As may be seen in Table 3 , the coefficient of coincidence is considerably larger than the coefficient of heterogeneity. This indicates that double recombinants are usually formed in a single recombination event, not as the outcome of two independent single recombinations. Table 4 presents clone sizes for each recombinant phage type, corrected for multiple events by assuming that the proportion of tubes containing mixed bursts without the genotype in question represents the zero term of a Poisson distribution. Although the average total burst size is about the same for rec and red, the average recombinant clone sizes in the rec-mediated crosses are all smaller than those in the red crosses, indicating that recombinants replicate more in the latter. It is noteworthy that for both rec and red, the average clone size of double recombinants is approximately half that of singles, a point to which we shall return in the Discussion.
The distribution of clone size of recombinants shows an interesting deficiency of clones of size one in contrast to the geometric distribution of phage T2 mutants and the more nearly random distribution of T2 and T4 recombinants (16, 13, 17) . Combining data for all single recombinant types and making the approximation that clones of each size are distributed randomly over tubes with mixed contents, we find that about 80% of rec-mediated clones and 70% of red-mediated clones contain more than one phage. This indicates that, after their formation, most single recombinants succeed in replicating at least once, a circumstance favorable for the recovery of reciprocal pairs.
We have applied two simple measures of correlation to the data. The first considers only the presence or absence of each The tests for reciprocity used above depend only on the presence or absence of phage types in individual bursts. As may be seen in Table 5 , a high correlation of reciprocal single recombinants and a noncorrelation of other pairs is also found when the actual proportions x and y of the two phage types in each burst are used to compute the linear correlation coeffi- * The probability that this departure from random association results merely from sampling is <10-3(t) or <10-6(t). In calculating x2,
Yates' correction was used throughout.
double recombinants is again found to be less than that of reciprocal singles. In contrast to the results for rec, no evidence for reciprocity is seen for red-mediated recombination, whichever test for association is considered ( In contrast to our results for the rec system, we find no evidence for reciprocity in red-mediated single or double recombination. Nevertheless, there are some noteworthy similarities. For both systems, the average-clone size of double recombinants is half that of singles. An attractive explanation for this ratio and for the formation of double recombinants in a single event is that single recombinants usually arise from breakage and joining of both chains of the two parental DNA molecules while double recombinants arise from single polynucleotide strand transfer within the h-mi interval. Another similarity we find for rec-and red-mediated recombination has to do with the local distribution of exchanges on the phage chromosome. As may be seen in Table 3 , the ratios RD/Rh, and RD/Rc mi are the same for rec and red. That is, if a phage is recombinant in one interval, its likelihood of also being recombinant in the adjacent interval is the same for the two recombination systems, even though the overall frequency of recombination is three times greater for red than for rec. It is as though the parameters of the recombination mechanism that govern the relative frequency of single and double recombination are the same for the two systems. In view of these similarities, we might speculate that the mechanism is essentially the same for rec and red but that some additional factor, possibly involved with replication, accounts for the extreme irregularity of clone size and the lack of reciprocity in redmediated crosses.
Whether or not rec-and red-mediated recombination occur by the same mechanism, it should be noted that our findings for rec-mediated recombination are in several respects nicely compatible with the mechanism proposed by Holliday, initially to explain recombination and gene conversion in fungi (6, 19) . It gives rise to single exchanges by reciprocal breakage and joining of parental duplexes and, with equal frequency, to double exchanges by reciprocal single-strand transfer. Unlike certain other mechanisms suggested for bacteriophage recombination (20, 21) , this offers a simple explanation for (i) the reciprocity of rec-mediated single and double recombination observed in our 'experiments and in prophage crosses, (ii) the finding that double recombinants are produced in a single recombination event, and (mi) the 2:1 ratio of single to double recombinant clone sizes. However, on closer examination certain difficulties appear in attempting to explain our results in terms of the Holliday model. The lesser reciprocity of double recombination could result from a high frequency of repair of the c/+ mismatch (6, 22) or from inefficient recovery of double recombinants. However, this would in general alter the clone size ratio of singles to doubles, necessitating additional assumptions to explain why a ratio close to 2:1 is nevertheless observed. A second difficulty is encountered in attempting to reconcile the 2:1 clone size ratio with the ratio of double to single recombination frequencies. Interpreted strictly in terms of the Holliday model (q.v.), a clone size ratio approaching the ideal value of 2 implies that the average length of the'single strand insertion is short compared'to the c-mi interval. However, the high proportion of double recombinants, expressed by the ratios RD/Rh c and RD/Rc mi, implies that the average length of the insertion is comparable to the length of the marked intervals.
Proc. Natl. Acad. Sci. USA 73 (1976) Genetics: Sarthy and Meselson A way out of these difficulties is to assume that the processes actually contributing to recombination are less symmetrical than specified by the Holliday model and are capable of producing not only reciprocal pairs of single and double recombinants, but also an excess of double recombinants unaccompanied by their reciprocals. A model with these properties has been described elsewhere (7'. 
